The exotic vine Vincetoxicum rossicum (Kleopow) Barbar. (Asclepiadaceae) is a major natural-areas pest throughout the Great Lakes Basin. Colonization of new areas by this herbaceous perennial occurs by comose wind-dispersed seeds. Previous experiments suggested a trade-off between seed dispersability and seed quality: smaller seeds dispersed farther but were less likely to emerge and seedlings were smaller when grown in competition with turf grasses in the greenhouse. We examined dispersability by trapping seeds at distances of 0-60 m from a seed source, and we assessed seedling performance by sowing seeds of known weight in an old field. Smaller seeds travelled significantly farther than larger seeds; however, the relationship between weight and distance dispersed was weak (r 2 = 0.043). Large seeds were significantly more likely to emerge, and the seedlings survive and grow taller; however, the relationships between seed size and these performance variables were also weak (r 2 0.02). The dispersability-quality tradeoff is unlikely to play an important role in V. rossicum spread at the local scale, as even large seeds are competent dispersers and even seedlings from small seeds are capable of becoming established. Seedlings from polyembryonic seeds were more likely to successfully establish than seeds from which a single seedling emerged. The high seedling emergence (50% for seeds planted above ground; 72% for those buried to a depth of 1 cm) and survivorship (71%-100%, depending on embryony) are likely to contribute to the success of this species.
Introduction
Many invasive exotic plant species have small seeds (Rejmánek and Richardson 1996) . In wind-dispersed species, small seeds generally travel farther from parent plants than large seeds (Augspurger and Hogan 1983; Morse and Schmitt 1985) . However, small seeds may be less likely to germinate (Stanton 1984; Morse and Schmitt 1985) , and those that do germinate may be less likely to survive the effects of drought, herbivore damage, competition and other stresses that tiny seedlings experience (Moles and Westoby 2004) . This trade-off between dispersability and seed quality has mainly been discussed in the context of the evolution of life-history traits (e.g., Sheldon and Burrows 1973; Morse and Schmitt 1985; Ganeshaiah and Uma Shaanker 1991) . However, it also has implications for the spread of exotic plant populations. If smaller propagules travel longer distances but fail to become established, then new foci of invasion may be formed only rarely and spread will occur mainly at the edge of existing populations. This would greatly diminish the overall rate of spread of an invasive species (Moody and Mack 1988) .
The dog-strangling vine or pale swallow-wort Vincetoxicum rossicum (Kleopow) Barbar. (Asclepiadaceae; syn. Cynanchum rossicum) is an herbaceous perennial vine that is spreading through natural areas in the Great Lakes Basin (Sheeley and Raynal 1996) . Introduced from Russia and Ukraine in the late 1800's (Sheeley and Raynal 1996) , it has recently been recognized as a threat to the globally rare alvar communities in New York State (DiTommaso et al. 2005b ). In addition to its impact on plant communities, the dense monocultures it can form in both sun and shade decrease the diversity of arthropods (Ernst and Cappuccino 2005) and birds (F. Lawlor, personal communication, 2004) . The plant also poses a risk to monarch butterflies, which oviposit on the plant although it cannot support larval development (Mattila and Otis 2003; DiTommaso and Losey 2003) .
Like other members of the milkweed family, dog-strangling vine produces comose wind-dispersed seeds. In seedrelease experiments conducted in the field, small seeds travelled significantly farther than large seeds, but were less likely to germinate in the greenhouse (Cappuccino et al. 2002) . In contrast, in populations of V. rossicum from New York state, the germination rate was greater for smaller seeds (DiTommaso et al. 2005a ). Cappuccino et al. (2002) also found that smaller seeds produced smaller seedlings when sown into a background of mixed turf grasses in the greenhouse. When planted in potting soil alone, however, the smaller seeds seemed to compensate, and no trade-off between seed size and seedling weight was evident at harvest (Cappuccino et al. 2002) .
Vincetoxicum rossicum seeds are often polyembryonic, giving rise to two, three, or (rarely) four seedlings. von Hausner (1976) claimed that the supernumary embryos are derived from the seed coat; they would thus be genetically identical to the mother. In greenhouse germination experiments, seed weight was not correlated with the number of embryos produced by the seeds (Cappuccino et al. 2002) . However, one V. rossicum population from New York state (out of three) showed a positive relationship between seed weight and embryony (DiTommaso et al. 2005a ). To our knowledge, the fate of polyembryonic seedlings has not previously been addressed in natural settings.
We addressed the influence of seed size on dispersal and establishment in V. rossicum. We used seed traps to examine the effect of seed weight on dispersal from the edge of a V. rossicum stand over the course of a dispersal season. We then followed the fate, over three growing seasons, of individually weighed seeds sown in an old field.
Materials and methods

Seed weight and dispersal distance
Seeds were trapped in an old field at Agriculture and Agri-food Canada's Central Experimental Farm in Ottawa, Ontario, Canada (45825'N, 75843'W) . A dense, linear stand of V. rossicum was growing along the edge of a woodlot in the Fletcher Wildlife Garden that defined the northwest side of the field. Prevailing winds in the area are from the northwest (Lafleur et al. 2003) . Vincetoxicum rossicum indivduals were scattered throughout the old field; these were removed to assure that the main source of dispersing seeds was the linear stand at the field's northwest edge. Other stands of V. rossicum at the Fletcher Garden were cut prior to seed set by volunteers in an effort to control the spread of the plant. The linear stand penetrated the woodlot to a depth of approximately 4 m; however, the understorey plants produced few seed pods. The field was dominated by a mixture of mostly exotic grasses interspersed with goldenrods Solidago sp., New England aster Symphyotrichum novae-angliae (L.) Nesom, Canada thistle Cirsium arvense (L.) Scop. and lesser burdock Arctium minus Bernh. (taxonomy follows the USDA Plants database, USDA, NRCS, 2004) . The field had not been mown in the five years prior to the experiment. The height of the vegetation ranged from approximately 0.25 to 0.75 m. Traps were made from 30 cm Â 30 cm squares of corrugated PVC poster board. To one side of the board, we glued Con-Tact 1 pressure-sensitive shelf paper (Pliant Corporation, Schaumburg, Illinois, USA), adhesive side up, with the wax-paper backing left in place to be peeled off when the traps were deployed. When exposed, the Con-Tact 1 paper was sufficiently sticky to trap seeds, but posed no danger to animals, with the exception of very small invertebrates (<1 mm). Each trap was anchored into place with a single 15 cm long nail in the center of the trap, passed through a flat steel washer to prevent the head of the nail from slipping through the hole. Exposure to sun and rain did not diminish the effectiveness of the traps, nor were seed predators a problem. In tests in which we placed a known number of V. rossicum seeds on traps for up to two weeks, seeds were not removed or dislodged, even though rodent excrement on the traps indicated that they had been visited by potential seed predators.
In late August 2002, traps were deployed along sixteen 60 m long transects, spaced 10 m apart, originating at the edge of the V. rossicum stand and running perpendicular to the stand. Along each transect, we placed one trap at 0, 10, 15, and 20 m, two traps side-by-side at 30 and 40 m, three traps at 50 m and four traps at 60 m. The increase in trapping effort at greater distances was to ensure sufficient seed capture at those distances. Seeds were collected from the traps daily from 1 September until 31 October 2002. Comas were not collected with the seeds as these could not be removed intact from the traps. The seeds were stored in the lab and weighed to the nearest 0.1 mg 1 month after the last collection. Seeds that were unfilled, consisting only a thin flake of seed coat, were not weighed. Previous work has shown that such seeds are not viable according to tetrazolium tests and dissections (Cappuccino et al. 2002) .
Emergence and survivorship
In early April 2002, approximately 1.5 months before typical seedling emergence in the field, naturally overwintered V. rossicum seeds were collected from underneath the dense linear stand by scraping them off the soil surface. The comas of these seeds had long since disintegrated. Seeds were separated from soil and litter, washed under cold water for 1 min and then air-dried on trays lined with paper towels in a refrigerator at 4 8C for 1 week. Each seed was then weighed to the nearest 0.1 mg, assigned a unique indentification number, and placed in a plastic vial for transport to the field site.
Seeds were planted in an old field at the Central Experimental Farm situated approximately 100 m southwest of the field in which we trapped seeds. Vegetation in the two fields was similar, although V. rossicum had not yet colonized this second field. Because dispersed seeds may either remain on the soil surface or be buried through litter deposition, frost heaving, and the activities of ground-dwelling animals, we planted seeds in two treatments: above ground, with the seed placed on the soil surface (but below any existing vegetation that may have been present), and below ground, buried to a depth of approximately 1 cm. The 498 seeds in the below-ground treatment were planted on 23 April 2002, at 0.5 m intervals along 11 parallel 25 m long transects spaced 1 m apart. The position of each seed was marked with two toothpicks 0.5 cm to each side of the seed and a white plastic stake bearing the seed's identification placed in the ground 5 cm from the seed. One week later, the 515 seeds of the above-ground treatment were placed on the soil surface between toothpicks 5 cm from the other side of the plastic stake.
The number of seedlings that emerged from each seed and the height of those seedlings were recorded in mid-and lateMay, and once per month thereafter through September, when no new emergence was recorded. In late May 2003, survivorship of the 2002 cohort and the presence of newly emerged seedlings were recorded. In late August 2004, survivorship and final height measurements were taken and new seedlings were recorded. In each year, when recording emergence, we searched for seedlings within a 15 cm radius of the plastic stake; however, even in the above-ground treatment, no seedlings were recorded >2 cm from the original planting position.
Analysis
Analyses were performed using JMP-IN version 5.1 (SAS Institute Inc., Cary, North Carolina, USA). The weight of seeds falling on traps directly under the seed-source and those escaping the source population was compared by AN-OVA. For those seeds escaping the source population (i.e., those trapped at 10-60 m), simple linear regression was used to examine the relationship between distance dispersed and seed weight. Visual inspection of the plotted residuals indicated that the relationship was adequately described by the simple linear model.
Because seeds planted in the above-ground treatment spent an extra week drying in the refrigerator following washing, their intial weights were slightly lower than those planted in the below-ground treatment (ANOVA: F [1, 1011] = 48.55, P < 0.0001, R 2 = 0.045). We therefore considered the two treatments separately when analysing the effect of seed weight on performance. When the performance variables were binary (emergence, dormancy, survivorship), logistic regressions were used. Polyembryonic seeds were considered to have survived if at least one seedling was still present at the time of census. The effect of seed weight on seedling height (summed over all individuals emerging from polyembryonic seeds) was analysed using simple linear regression. Assumptions of normality and homoscedasticity were met.
Likelihood ratio w 2 tests were used to compare dormancy and survivorship of seeds from different embryony classes (singletons, twins, and triplets). ANOVA's followed by Tukey-Kramer HSD tests were used to compare the initial seed weight, the final seedling height (summed over all seedlings for polyembryonic seeds) and the height of the dominant (tallest) seedling for seeds from the three embryony classes.
Results
Dispersal
Most of the trapped seeds (82.8%) fell directly beneath the source population at 0 m. Seeds that escaped the source population tended to be smaller (48.4 mg ± 15.4 (SD)) than those that did not (53.6 mg ± 14.6 (SD); ANOVA: F [1, 1142] = 13.28, P = 0.0003); however, the variance in seed weight explained by whether or not the seed escaped the source population was small (R 2 = 0.011). For the subset of seeds escaping the source population, those trapped at greater distances were significantly smaller than those trapped closer to the source (Fig. 1) ; however, again, the variance in seed weight explained by distance was small (R 2 = 0.043). Seeds at the farthest distance (60 m) weighed, on average, 42.9 mg, 17.3% less than those trapped at 10 m (52.3 mg).
Emergence, growth, and survivorship
From the 498 seeds sown below-ground, 353 seedlings emerged in the first year (70.9%). Two (0.4%) emerged in year two and two more in year three, for a total emergence rate of 72.1%. From the 515 seeds sown above-ground, 198 seedlings emerged in the first year (38.4%), 46 (8.9%) in year 2, and 16 (3.1%) in year 3, for a total emergence rate of 50.5%. The percentage remaining dormant for at least one year was significantly greater in the above-ground treatment (23.8%) than in the below-ground treatment (1.1%; likelihood ratio w 2 = 90.2, df = 1, P < 0.0001). For seeds sown both above-and below-ground, heavier seeds were significantly more likely to have emerged by the third season although seed weight explained little variance in the likelihood of emergence (Fig. 2) . For seeds emerging in the above-ground treatment, weight did not determine whether the seed emerged in year 1 or remained dormant for at least one year (Logistic regression, w 2 = 0.60, df = 1, P = 0.438, R 2 = 0.0021). For the cohort of seeds emerging in year 1 in both planting treatments, larger seeds produced seedlings that were taller at the end of the first growing season (Figs. 3a and  3b) . This relationship remained significant through the end of the third growing season (Figs. 3c and 3d) . Seedlings from larger seeds were not more likely to survive to year 2 in the below-ground treatment (logistic regression, w 2 = 0.026, df = 1, P = 0.871, R 2 = 0.0001). There was a slight but non-significant survival advantage to larger seeds in the above-ground treatment (logistic regression, w 2 = 2.90, df = 1, P = 0.088, R 2 = 0.014). This slight advantage was significant by the end of year 3 (logistic regression: w 2 = 5.07, df = 1, P = 0.024) but nevertheless remained weak (R 2 = 0.020). The relationship between initial seed size and survivorship to the next year was not significant for the year-2 emergence co-hort in the above-ground treatment (logistic regression, w 2 = 2.05, df = 1, P = 0.153, R 2 = 0.035).
Polyembryony
The proportion of seeds that were polyembryonic did not differ between planting treatment (likelihood ratio w 2 = 3.48, df = 1, P = 0.175). Of the 617 seeds emerging in both treatments, 365 (59.2%) produced one seedling, 216 (35.0%) produced twins, and 36 (5.8%) produced triplets. These are probably underestimates of the true degree of polyembryony, since some embryos may have failed to emerge or may have died before they could be censused. Seeds planted above ground that remained dormant for one or two years before emerging did not differ from the first-year emergence cohort in proportions of singletons, twins, and triplets (likelihood ratio w 2 = 1.11, df = 1, P = 0.573). There was no difference in initial seed weight between seeds producing singletons, twins, and triplets (ANOVA: above-ground: F [2,257] = 1.48, P = 0.229, R 2 = 0.011; below-ground: F [2, 354] = 0.12, P = 0.229, R 2 = 0.001). For the year-1 emergence cohort in both planting treatments, the probability that an individual was present in year 2 was greater for polyembryonic seeds than for singletons (Table 1) . The advantage to polyembryony persisted through the end of year 3 in the above-ground treatment but not in the below-ground treatment (Table 1) .
Our study was not designed to follow the fates of individual seedlings issuing from polyembryonic seeds. However, a higher proportion of seedlings was lost from the population of trios (above-ground: 0.519; below-ground: 0.455) and pairs (above-ground: 0.405; below-ground: 0.346) than from the population of singletons (above-ground: 0.397; belowground: 0.288).
After three years, total height of all individuals in polyembryonic seedling groups was greater than the height of singletons (Figs. 4a and 4b ). The height of the dominant individual in polyembryonic groups did not differ from the height of singletons in the above-ground treatment (Fig. 4c) . However, in the below-ground treatment, singletons were taller than the dominant stem of polyembryonic groups (Fig. 4d) .
Discussion
Dispersal
We observed a significant negative relationship between the weight of V. rossicum seeds and their dispersability, as has been described in previous studies of V. rossicum (Cappuccino et al. 2002) , common milkweed Asclepias syriaca L. (Morse and Schmitt 1985) and other species (Meyer and Carlson 2001; Green and Johnson 1993; Sheldon and Burrows 1973) . However, this relationship was weak, with only 4.6% of the variance in seed size explained by trapping distance. Previous studies that have revealed a negative relationship between seed weight and dispersal ability in winddispersed species have often involved releases of individual seeds in controlled laboratory conditions (Meyer and Carlson 2001; Green and Johnson 1993; Sheldon and Burrows 1973) or in the field over short periods of time during which wind speed changed little (Cappuccino et al. 2002; Morse and Schmitt 1985) . In the present study, seeds were trapped over the course of a two-month dispersal season, during which winds were variable in speed and direction. On days with gusty winds, even large seeds are likely to be transported relatively far, and on days with light winds, even small seeds probably fall close to the source. This undoubtedly adds variance to the weight-distance relationship.
Emergence and survival
Emergence of V. rossicum seeds planted in the field was quite high: 50.5% when seeds were simply placed on the soil surface and 70.9% when buried 1 cm. That over half of the seeds landing in established vegetation are able to emerge probably contributes to the invasive success of the species. Field emergence rates are considerably lower in (Werner and Caswell 1977) . Interestingly, emergence of V. rossicum in the present field experiment was higher than that reported in the more ''ideal'' conditions of greenhouse (Cappuccino et al. 2002) and growth chamber experiments (DiTommaso et al. 2005a) . It is unlikely that background emergence from a pre-existing seed bank accounted for this. Only two newly-emerged seedlings were observed in both year 2 and year 3 in the below-ground treatment. Even if these seedlings resulted from seeds dispersing into the plot, rather than experimental seeds that Table 1 . Number of Vincetoxicum rossicum seedlings in different embryony classes (1, 2, or 3 seedlings emerging from a seed) and their survivorship (%) for seedlings emerging in the first year of the experiment (2002). Seeds were planted in two treatments: above ground (a) and below ground (b). Survivorship is defined as the presence of at least one individual from a seedling group remaining at the time of the census. Likelihood ratio w 2 values and associated P values are shown for each 3 Â 2 contingency table.
Survivorship to start of 2nd season Survivorship to end of 3rd season had remained dormant, the background emergence rate would be less than 1%. Furthermore, no stray seedlings emerged within 15 cm of the identification stakes. Survivorship of first-year V. rossicum seedlings was also high (71%-100%, depending on embryony), in contrast to many herbaceous plants, in which survival of juveniles is low (Harper 1977; Bierzychudek 1982; Werner and Caswell 1977) . The high rate of establishment in V. rossicum in the absence of disturbance is remarkable in light of a review of seed-sowing experiments by Turnbull et al. (2000) , in which the rate of successful introduction (i.e., at least one individual present at the end of the monitoring period) was only about 50%. Disturbance generally increases the success rate of seed introductions (Turnbull et al. 2000) . Although many of the sites in which V. rossicum is found have a history of disturbance (DiTommaso et al. 2005b) , it is notable that this invasive readily colonizes intact communities.
The above-ground planting more accurately reflects the conditions experienced by most dispersing Vincetoxicum seeds. Seeds planted above-ground were more likely than those planted below ground to remain dormant for one or two years before emerging. Thus, the presence of a seed bank is apt to be the norm in V. rossicum populations. This has important consequences for control programs: following removal of V. rossicum from a site, it will be necessary to monitor the sites for the emergence of new seedlings for at least three years.
Emergence and survivorship as a function of seed size
Larger seeds were more likely to emerge, as we had seen in previous experiments using seeds from the same population grown in a greenhouse in competition with mixed turf grasses (Cappuccino et al. 2002) . Seed size has been shown by many authors to be positively correlated with germination (Morse and Schmitt 1985; Ganeshaiah and Uma Shaanker 1991; Stanton 1984; Debain et al. 2003; Winn 1985) . However, DiTommaso et al. (2005a) found a negative correlation between seed size and germination in four New York state populations of V. rossicum. The discrepancy might reflect the differences between studying actual germination and emergence. DiTommaso et al. (2005a) placed seeds in germination paper in growth chambers, and monitored the seeds daily. In our experiment, smaller seeds may also have germinated more readily, but lacked the resources to emerge or survive until they could be counted. As Winn (1985) has shown for Prunella vulgaris, the definition of what constitutes a ''safe-site'' for smaller seeds can be more restrictive than for larger seeds, so their emergence rates tend to be lower. Larger seeds also gave rise to larger seedlings that enjoyed a slight survival advantage in the above-ground planting treatment. Advantages of larger seed size in terms of growth and survival have been demonstrated by several authors (e.g., Debain et al. 2003; Meyer and Carlson 2001; Morse and Schmitt 1985) . Although the positive correlations between seed size and seedling size are often short-lived (Meyer and Carlson 2001) , in our experiment the advantage persisted into the third growing season. The more competitive environment provided by the background vegetation may have enhanced the advantage of large seed size, as shown by Cappuccino et al. (2002) in greenhouse experiments on V. rossicum, as well as in field experiments with Convalaria majalis L. (Eriksson 1999 ).
Polyembryony
The seedling success, and, hence, the invasiveness of V. rossicum, may be enhanced by its polyembryonic seeds. Although the mortality rate of individual members of twin and triplet groups was higher than that of singletons, the probability of at least one member of a polyembryonic group surviving exceeded the survivorship of singletons. The summed height of all individuals in a pair or a trio was greater than the height of singletons. Thus, polyembryonic seeds were more likely to result in successful establishment than single-embryo seeds, and their larger overall size (assuming height measurements are indicative of biomass) may give the polyembryonic groups a future competitive or reproductive advantage.
In adventitious polyembryony, the type thought to occur in V. rossicum (von Hausner 1976) , supernumary embryos are formed from maternal tissue and are thus clones of the mother (Burley and Willson 1983) . Uma Shaanker and Ganeshaiah (1996) have argued that adventitious polyembryony is a maternal strategy arising from parent-offspring conflict. This strategy would not be successful if loading seeds with adventitious polyembryos jeopardized the chance of survival of the group. Our results indicate that this is not the case; survival of at least one individual is higher as embryony increases (unfortunately, we cannot determine whether the surviving individuals are maternal or sexual in origin). Increased survival of at least one individual may point to another possible benefit of polyembryony: each seed can get more than one chance at occupying the landing site. Emergence of the embryos in a seed can be separated by as much as 20 days (N. Cappuccino, unpublished data), allowing a stressed or damaged seedling to be replaced by a fresh recruit. Another possible advantage to polyembryony relates to the Allee effect (greater reproductive fitness of individuals in patches compared to those growing singly), which has been demonstrated in V. rossicum (Cappuccino 2004) . Polyembryony could allow single seeds to create their own small patches.
The tradeoff between dispersal and seed quality
Like the relationship between seed size and dispersal, that between seed size and seedling quality, although significant for some measures of quality, was not very strong. The proportion of the variance in performance measures that was explained by seed size exceeded 10% for only one measure, seedling height in the above-ground treatment (R 2 = 0.134). The net result of the weak relationships between performance and size is that the seeds of high quality (i.e., those likely to establish and survive) are travelling to even the farthest distance at which we trapped seeds (60 m). The difference in weight between seeds trapped at 60 m and those trapped at 10 m is 0.10 mg, insufficient to have a biologically meaningful impact on emergence or seedling size. The difference in weight between seeds falling directly beneath the source population, where they would be unlikely to survive (N. Cappuccino, unpublished data) and those travelling 10 m or more away from the source is even smaller (0.52 mg). Thus, the subset of seeds that escape the source population is not composed of inferior individuals.
Although our farthest trapping distance exceeds the maximum dispersal distance recorded for many wind-dispersed species (Cain et al. 1998) , it is still relatively small-scale. Perhaps the true long-distance dispersers, those seeds that get caught in rising thermals and disperse kilometers, may be only the tiniest, and therefore less likely to found new populations. However, over moderate distances, the potential trade-off between seed dispersability and seed quality is unlikely to influence the rate of spread of V. rossicum across old fields. Unfortunately, with its competent dispersal and excellent establishment ability, V. rossicum will continue to spread aggressively until an effective control measure is found.
